Nucleotide sequences of the mdh gene encoding the metabolic enzyme malate dehydrogenase (MDH) were determined for 44 strains representing the major lineages of Escherichia coli and the eight subspecies ofSalmonella enterica. Sequence diversity was four times greater in S. enterica than in E. coli, and in both species the rate of amino acid substitution was lower in the NAD+-binding domain than in the catalytic domain. Divergence of the mdh genes of the two species apparently has not involved excess nonsynonymous substitutions resulting from the fixation of adaptive amino acid mutations. Allozyme analysis detected 57% of the distinctive amino acid sequences. Statistical tests of the distribution of polymorphic synonymous nucleotide sites identified four possible intragenic recombination events, one involving a single allele of E. coUl and three involving alleles of three subspecies of S. enterca. But recombination at mdh has not occurred with sufficient frequency to obscure the phylogenetic relationships among strains indicated by multilocus enzyme electrophoresis, total DNA hybridization, and sequence analysis ofthegapA and putP genes. These findings provide further evidence that the effective (realized) rates of horizontal transfer and recombination for metabolic enzyme and other housekeeping genes are generally low in these species, in contrast to those for loci encoding or mediating the structure of cell-surface and other macromolecules for which recombinants may be subject to strong balancing, directional, or diversifying selection.
By providing full resolution of allelic diversity in genes, comparative nucleotide sequencing has opened a new era for population genetics, and the availability of a rapidly increasing body of sequence data has stimulated the development of new statistical methods for data analysis and hypothesis testing in studies of the genetic structure of natural populations and the evolutionary processes that affect rates of nucleotide and amino acid substitution. In application to bacteria, sequence analysis has already implicated recombination of horizontally transferred DNA as a factor in the evolution of one or more genes in several diverse species and has further demonstrated marked variation in allelic diversity and effective (realized) rate of recombination among loci. For example, in both Escherichia coli and Salmonella enterica, recombination at the gnd locus encoding 6-phosphogluconate dehydrogenase has occurred with sufficient frequency to greatly increase allelic diversity (1) ; in the case of E. coli, it has all but obscured the phylogenetic relationships among strains (refs. [2] [3] [4] [5] [6] ; K.N. and R.K.S., unpublished data). But, in contrast, the sequences of several other metabolic enzyme genes, including glyceraldehyde-3-phosphate dehydrogenase (gapA), and the sequence encoding the transport protein proline permease (putP) show little or no evidence that recombination has contributed to either allelic or multilocus genotypic diversity (7) (8) (9) .
We report here the results of a comparative analysis of sequence variation in the polymorphic malate dehydrogenase gene (mdh) among 44 strains of E. coli and S. enterica recovered from natural populations.t The molecular genetic basis of allozyme variation in the malate dehydrogenase (MDH) protein is revealed, and relative rates of sequence divergence within and between species are estimated. And our findings provide further evidence that effective recombination rates in these enteric species are generally low for metabolic enzyme genes.
MATERIALS AND METHODS
Bacterial Isolates. Most of the strains on which this study is based were previously examined for sequence variation in gapA (7) and putP (8) . From the E. coli Reference Collection (ECOR) (10) and the T.S.W. research collection, we chose 19 strains representing five major evolutionary lineages that have been identified by multilocus enzyme electrophoresis (MLEE) (11, 12) and one strain (E830587) that has not been assigned to an ECOR group.
A sample of 24 S. enterica strains representing all eight recognized subspecies (13) was selected from the Salmonella Reference Collections (14) .
Enzyme Electrophoresis. Cell lysates were electrophoresed and stained for MDH activity (15) , and allozymes (electromorphs) were designated alphabetically in order of decreasing anodal mobility.
PCR Amplification and Nucleotide Sequencing. From each strain of E. coli, a 864-bp segment (codons 12-299) of the 939-bp coding region of the mdh gene was PCR-amplified from extracted total DNA. Primers for PCR were designed from the published sequences of laboratory strain K-12 (16, 17) , as follows: 5' primer (5'-ATGAAAGTCGCAGTCCTC-GGCGCTGCTGGCGG-3') and 3' primer (5'-TTAACGAAC-TCCTGCCCCAGAGCGATATCTTTCTT-3').
For amplification of mdh from strains of S. enterica, a 3' primer (5'-ATATCTTTYTTCAGCGTATCCAGCAT-3') was designed from the published sequence oflaboratory strain LT2 (18) . Use ofthis primer in conjunction with the E. coliS' primer yielded an 849-bp segment (codons 12-294) of the coding region. previously determined by MLEE (12) and sequence analysis of gapA (7) and putP (8) . ECOR group A strains are closely related in all four data sets, as are group B2 strains; and group D strains occur in a single cluster with the B2 strains. The nucleotide sequences of all three genes have indicated only a weak association among strains of ECOR group B1.
In the mdh tree for S. enterica (Fig. 2) , the genes cluster by subspecies, and the branching order is similar to that indicated by gapA and putP trees and by MLEE (7, 8) . The only distinctive feature of the topology of the mdh tree is that subspecies I is more similar to subspecies VI than to subspecies II, whereas subspecies I and II cluster together in both the gapA and putP trees. This difference suggests a recombination event, presumably that detected by the nonrandom clustering of polymorphic synonymous sites in the 5' region of the mdh gene.
Amino Acid Substitutions Underlying Allozyme Variation. Electrophoresis identified 14 distinctive allozymes of MDH, 5 in E. coli and 9 in S. enterica. None was shared by the two species, and the sequences of their commonest allozymes differed at 10 amino acid positions.
ForE. coli, the relationships between allozymes and amino acid sequences are shown in Fig. 1 , and a hypothetical evolutionary scheme is presented in Fig. 3 . Of the seven distinctive amino acid sequences, sequence 1 is regarded as ancestral because it occurs in 10 strains representing all ECOR groups except D. The scenario (Fig. 3) Genetics: Boyd et A An evolutionary scheme for the nine allozymes and 14 amino acid sequences (Fig. 4) of S. enterica is shown in Fig.  5 . In additidni to the 14 observed amino acid sequences, we assume the existence of 2 sequences (designated as 7x and 9x in Fig. 5) existence of two additional S. enterica sequence variants involving replacement nucleotide substitutions in the unsequenced 3' end of the gene. Hence, 12 (57%) of the 21 observed amino acid sequences were recognized on the basis of allozyme variation. Our evolutionary scenarios for the alleles of the two species postulated the occurrence of 19 evolutionary steps, involving a total of 26 amino acid substitutions. Thus, on average, the generation of a new allozyme has involved 2.6 amino acid substitutions.
In S. enterica, three cases of the production of the same allozyme by different amino acid substitutions were identified. In each of two of these cases (allozymes b and m), the convergent allozymes were derived from the same ancestral sequence by single-or double-amino acid substitutions. But in the case of allozyme k, proteins differing by as many as eight amino acids (sequences 8 and 13) were electrophoretically indistinguishable.
Divergence Between Species. Our analysis identified nine codons specifying fixed amino acid differences between E. coli and S. enterica. To test the prediction of the neutral theory that the ratios of nonsynonymous to synonymous substitutions are equal between species and between alleles within species, we used the method of Whittam and Nei (25) . (26) . Thus, there is no evidence that the divergence of the mdh sequences of E. coli and S. enterica has involved excess nonsynonymous substitutions resulting from the fixation of adaptive amino acid mutations.
Genetic Structure of Populations. The concept of clonal population structure has had major impact on the fields of bacterial epidemiolQgy and pathogenesis (1, (27) (28) (29) (30) (31) and has recently been applied to certain parasitic protozoans as well (32) . Indeed, it is widely regarded as a paradigm for all bacteria (33) (34) (35) , although we have noted that linkage disequilibrium analyses of MLEE data do not support a clonal structure for the pathogenic species Neisseria gonorrhoeae and Pseudomonas aeruginosa (28) or major phylogenetic divisions of the soil bacterium Rhizobium meliloti (36) . It is unlikely that any bacterial species will prove to be strictly clonal, and certaihly nohe is panmictic or consists of "promiscuous, freely intermixing populations" (34) . The real problem is to determine the contribution of intragenic and assortative recombination to allelic and genotypic variation in diverse types of bacteria by estimating the frequency and extent of exchange for a large variety of genes.
The analysis of the mdh locus reported here, taken together with comparable data for gapA and putP in E. coli and S. enterica (7, 8) and several other enzyme loci in E. coli (9) , strongly suggests that the effective rate of recombination is low for most metabolic enzyme and other "housekeeping"
genes.
[Recombination of small segments of DNA at a low rate in the trp region in E. coli has also been reported (37 long for them to become widely distributed geographically (28, 38) .
For the highly polymorphic flagellinfliC locus in S. enterica, we have shown that horizontal transfer and recombination are a major source of allelic and serovar diversity (refs. 6 and 39; J. Li and R.K.S., unpublished data). Because flagellin is a highly antigenic cell-surface protein that interacts directly with the external environment, recombinants may have an immediate adaptive advantage (e.g., by presenting altered cell-surface structures to host defense mechanisms) and be brought to high frequency in local populations by natural selection and then transferred to other lineages (6, 8, 39) . Similar explanations in terms of adaptation may apply to a number of genes in other bacteria for which evidence of horizontal transfer and recombination is available, including those encoding pili in E. coli (40) , enzymes of the restriction modification system in E. coli (41) , the class 1 outer membrane protein in Neisseria meningitidis (42), the Ml protein in group A Streptococcus (43) , and penicillin-binding proteins in Neisseria spp. (44) and Streptococcus pneumoniae (45) . But for housekeeping genes, such as mdh, it seems unlikely that either intragenic or assortative recombination would result in a selective advantage to the recipient cell. And the probable fate of deleterious or selectively neutral recombinants is loss from the population through purifying selection and genetic drift. In sum, the evidence suggests that differing modes and strengths of natural selection among loci encoding or mediating the synthesis of products of different functional type influence the rate of effective recombination in populations. Although the 6-phosphogluconate dehydrogenase gene (gnd) is a conspicuous exception to the generalization that the effective rate of recombination is low for metabolic enzyme genes, it is one that may prove the rule. The gnd locus lies near the genes of the rib region, which mediate synthesis of the highly polymorphic cell-surface lipopolysaccharide. There is reason to believe that these genes are subject to strong frequency-dependent selection for the production of lipopolysaccharide antigenic diversity (29) , and it has been suggested that the proximity of gnd to the polymorphic lipopolysaccharide genes diminishes the chance of recombinant gnd alleles being lost by genetic drift (4, 5) . Several apparent cases of the horizontal cotransfer of a polymorphic cell-surface lipopolysaccharide serotype and a gnd allozyme between strains of E. coli have been reported (11, 31) .
In conclusion, the lesson emerging from comparative sequence analysis of bacterial genes is that recombination rates and other evolutionary processes cannot be determined for entire genomes from data for single loci. And extrapolation from one bacterial species to another or even between different populations ofthe same species may yield erroneous conclusions. For example, whereas populations of Neisseria meningitidis serogroup B and C show only weak linkage disequilibrium and thus may be considered only short-term or "epidemically" clonal (35) , those of serogroup A exhibit strong disequilibrium and are among the more highly clonal bacterial populations yet studied (30) .
